Introduction
Silica nanoparticles have attracted much attention for industrial and biomedical applications, such as for use as additives and in printer toners, varnishes, pharmaceutics, cosmetics, and coating materials.
1,2 These wide-ranging applications stem from the properties of silica nanoparticles, which include easy synthesis, low toxicity, hydrophilicity, and the ease with which their surfaces can be modified or functionalized. [3] [4] [5] International Journal of Nanomedicine 2014:9 (Suppl 2) submit your manuscript | www.dovepress.com
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lee et al acute and repeat dose toxicities, and biokinetics, [11] [12] [13] [14] [15] [16] [17] [18] [19] which are currently hot issues in the nanotoxicology field. However, the kinetic behaviors of silica nanoparticles at the systemic level, including their pharmacokinetics, tissue distributions, and clearances, remain unclear. In vivo biokinetic studies can be conducted by systematic and quantitative analyses of plasma, tissues, urine or feces, and other biological samples in whole animals after exposure to assess absorption, distribution, metabolism, and excretion. An understanding of the kinetic behaviors of silica nanoparticles is of importance in the context of determining absorption amounts, target organs, and residence times, which are essential for the prediction of potential adverse effects in the short-and long-term. Some researchers have recently described the biodistribution and excretion kinetics of silica nanoparticles. [20] [21] [22] [23] [24] [25] However, most of this information was obtained after intravenous injection, which introduces nanoparticles directly into the circulatory system. In practice, oral administration is important, for example, in food or water, and results in kinetic behaviors unlike those associated after intravenous injection because nanoparticles must encounter stomach acid and cross the epithelium of the gastrointestinal (GI) tract in order to reach the blood circulation. In addition, even after GI transit, nanoparticles are carried to the liver via the portal vein before entering the systemic circulation and, thus, are subject to metabolic processes that evidently reduce bioavailability.
The biokinetics of silica nanoparticles at the systemic level has been less extensively explored than other inorganic nanoparticles, which appears to be due to the difficulty of detecting silica nanoparticles in biological matrices. 20 The major approaches used to trace and determine their kinetics in vivo are based on the use of dye-conjugated or dyeembedded particles and subsequent fluorescence detection by microscopy or some other imaging modality. 20, 23, 24 However, this strategy is limited with respect to the interpretation of results as dye-conjugated particles are structurally modified and, thus, molecular weights and surface charges are changed. These changes could affect biological interactions at the systemic level and could eventually modify kinetic behaviors. Furthermore, the stabilities of dye-conjugated or dye-embedded particles in whole animals are also necessary considerations that complicate the interpretations of quantitative analyses. In our previous study, we devised a quantitative analytical method for measuring the amounts of silica nanoparticles in biological matrices based on a lithium borate fusion technique with a molybdenum blue spectrophotometric method. 26 In the present study, we evaluated the tissue distributions and elimination kinetics of 20 nm and 100 nm silica nanoparticles after administering a single oral dose to male and female rats. In addition, the biological fates of the silica nanoparticles in target organs were determined by transmission electron microscopy (TEM).
Materials and methods
Preparation and characterization of nanoparticles
Colloidal silica nanoparticles (20 nm and 100 nm, dispersed in distilled water [DW]) were purchased from E and B Nanotech Co, Ltd. (Gyeonggi-do, Republic of Korea) and analyzed by TEM (JEM-1010; JEOL, Tokyo, Japan). The surface charges (zeta potentials) of nanoparticles were determined using a zeta potentiometer (Zetasizer Nano ZS system; Malvern Instruments, Malvern, UK).
animals
Five-week-old male and female Sprague Dawley rats weighing 120-140 g were purchased from G-Bio (Seoul, Republic of Korea). The animals were housed in plastic lab animal cages in a ventilated room, which was maintained at 20°C±2°C and 60%±10% relative humidity under a 12-hour light/dark cycle. Water and commercial laboratory complete food were provided ad libitum. Animals were acclimated to this environment for 7 days before treatment. All animal experiments were performed in compliance with the guidelines issued by the Animal and Ethics Review Committee of Seoul Women's University.
Dosing and sample collection
Four groups of male and of female rats (n=6 per group) were administered a single dose of 500 or 1,000 mg/kg of nanoparticles (20 nm and 100 nm) by oral gavage. In addition, six rats were administered an equivalent volume of DW as controls. Body weights, behavioral changes, and other symptoms were carefully recorded daily after treatment.
For the tissue distribution study, samples of brain, heart, kidneys, liver, lungs, spleen, and testes or ovaries were collected at 1 and 6 hours, and 1, 2, 3, and 7 days postadministration after CO 2 -induced euthanasia.
To evaluate excretion profiles, urine and feces were collected at 10 hours, and 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 days post-administration.
Quantitative analysis of silicon
Silicon (Si) analysis in biological samples was performed as previously described. 26 Briefly, a 100 mg sample was placed in a graphite crucible and 200 mg of lithium metaborate
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Biodistribution and excretion of silica nanoparticles (LiBO 2 ; Sigma-Aldrich, St Louis, MO, USA) was added. After mixing, the crucible was heated in a furnace for 25 minutes at 1,025°C, and then 2 mL of distilled deionized water (DDW), 2 mL of nitric acid (HNO 3 ; 70%), 2 mL scandium oxide solution (250 µg/mL), and one drop of hydrogen peroxide (H 2 O 2 ) were added. This mixture was then heated on a hot plate until the ash had been completely dissolved. The remaining solution was then removed by heating, and 5 mL of DDW was added. For Si quantification by the molybdenum blue method, 2 to 3 drops of hydrofluoric acid (48%) were added to 1 mL of this solution, and 5 mL of ammonium molybdate solution (65 g/L) and 4 mL of hydrogen chloride (HCl; 3.7%) were added. After adding 20 mL of DDW, the mixture was left to stand for 30 minutes, and 2 mL of oxalic acid, 2 mL of sodium sulfite solution (150 g/L), and 5 mL of sulfuric acid were added. The mixture was then left to stand for 3 minutes. Finally, 1 mL of stannous chloride solution (SnCl 2 50 g in 100 mL of HCl and 50 mL of DDW) was added and absorbance was measured at 820 nm (SMP500-16509-SICX; Molecular Devices LLC, Sunnyvale, CA, USA).
Quantitative analysis was carried out by external fourpoint-calibration with internal standard correction using spiking experiments.
TeM study
Representative organs, such as livers and kidneys, were collected from three silica nanoparticle (1,000 mg/kg)-administered male rats 48 hours post-administration. One group of three rats was administered DW as a control. Samples were fixed using modified Karnovsky's fixative (2% paraformaldehyde and 2% glutaraldehyde in 0.05 M sodium cacodylate buffer [pH 7.2]), postfixed with 1:1 solution of 2% osmium tetroxide and 0.1 M sodium cacodylate for 2 hours at 4°C, and then stained with uranyl acetate. Samples were then dehydrated with ethanol and blocks were prepared using Spurr's resin. Blocks were sectioned using an ultramicrotome (MT-X; Boeckeler Instruments, Inc., Tucson, AZ, USA) and, after coating with high purity carbon rod (Ted Pella, Inc., Redding, CA, USA), TEM images were obtained using a Tecnai G2 unit, equipped with an energy dispersive spectroscopy (EDS) facility, at the Korea Basic Science Institute (KBSI; Gwangju Branch, Republic of Korea).
Statistical analysis
The data are presented as means ± standard deviations. For statistical analysis, experimental values were compared with corresponding control values. One-way analysis of variance in SAS software (Tukey's Test, Version 11.0; SAS Institute Inc., Cary, NC, USA) was used to determine the significances of differences between experimental groups and controls. Statistical significance was accepted for P-values of ,0.05.
Results
characterization of silica nanoparticles
Colloidal silica nanoparticles of 20 nm and 100 nm were characterized by TEM and by measuring zeta potentials ( Table 1) . As previously reported, 26 the average particle sizes of these silica nanoparticles were 15±3 nm and 89±14 nm, respectively, and both had a spherical morphology and were negatively charged in DW at pH 7.0.
effects of silica nanoparticles on body weights and symptoms
Survival rates, body weights, behaviors, and symptoms were carefully observed for 14 days post-administration. Male and female rats that were administered the two differently sized silica nanoparticles up to 1,000 mg/kg showed no body weight loss, abnormal behaviors, or symptoms as compared with untreated controls (Figure 1 ). No significant difference in body weights was found between treated and control animals.
Tissue distribution
The biodistribution of silica nanoparticles was examined in brain, kidneys, liver, lungs, spleen, and ovaries/testes. Total Si concentrations in tissues were analyzed, as described above, by determining increases in total Si levels in silicaadministered rats versus untreated controls. Si levels were found to be significantly higher in kidneys, liver, lungs, and spleen of treated rats regardless of dose, particle size, or sex ( Figure 2 ). Notably, high Si concentrations were found in kidneys and livers at 6 hours to 3 days post-administration, whereas elevated Si levels were detected at 6 hours to 2 days in lungs and spleens. Silica nanoparticles did not accumulate significantly in brains, ovaries, or testes. Furthermore, tissue distributions were similar regardless of particle size or sex. The increases in Si concentrations that were found are summarized in Table 2 . Increases in Si concentrations in the GI tract (esophagus, stomach, and intestine) were not detected at 7 days post-administration. TEM analysis of organs from silica-administered rats was carried out to confirm tissue distributions and to determine the biological fates of nanoparticles in target tissues. As shown in Figure 3 , silica nanoparticles of both 20 nm and 100 nm were observed in liver, and these had the same spherical morphology and particle sizes observed prior to administration (Table 1 ). In particular, differently sized silica nanoparticles were localized in hepatocytes as well as in nuclei. On the other hand, irregular particle shapes were observed in kidneys, and more so in rats treated with 20 nm silica nanoparticles. TEM-EDS confirmed the presence of Si in the particulate forms in livers and kidneys.
excretion
The excretion kinetics of silica nanoparticles was evaluated by measuring increases in Si levels in urine and feces. Significantly, higher Si concentrations in urine were detected, regardless of sex, at 1-2 days and 1-5 days after administering 20 nm silica nanoparticles at 500 or 1,000 mg/kg, respectively ( Figure 4 ). However, elimination in urine was slower after the administration of 100 nm particles, which produced elevated Si levels at 1-3 days and 1-6 days at doses of 500 and 1,000 mg/kg, respectively. A similar tendency was found for fecal excretion profiles; Si concentrations were elevated at 1-3 days and at 1-4 days after the administration of 20 nm and 100 nm nanoparticles, respectively, at doses of 500 and 1,000 mg/kg, showing size-dependent elimination kinetics. It is worth noting that much higher Si levels were detected in feces than in urine. Table 3 summarizes the total excretion values of differently sized silica nanoparticles. We estimate that 7%-8% of nanoparticles were excreted in urine and 75%-80% via feces. Particle size and sex were not found to influence excretion values.
Discussion
The tissue distribution, excretion, and in vivo fates of colloidal silica nanoparticles (20 nm and 100 nm) were investigated after a single oral administration in male 
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Biodistribution and excretion of silica nanoparticles and female rats. Particle sizes of 20 nm and 100 nm were examined, because the sizes of most of the nanoparticles developed fall in the range 1-100 nm, and because these sizes varied enough to evaluate the effect of particle size on biokinetics.
After a single-dose administration of silica nanoparticles, survival rates and body weight gains were unaffected at dosages of up to 1,000 mg/kg. Furthermore, no abnormal behaviors or symptoms, such as a decrease in food or water intake, diarrhea, loss of movement, or changes in pupil size or eye pigmentation, were observed during the 14 days post-administration. These results suggest that orally administered silica nanoparticles do not exhibit acute toxicity. Furthermore, the same results were obtained for different particle sizes in male and female rats. Low toxicity of silica nanoparticles following oral administration was also recently reported by Fu et al; 27 110 nm mesoporous silica nanoparticles caused no immediate toxicity, such as loss of appetite, loss of weight, death, or passive behaviors, in mice after oral administration of 5,000 mg/kg. Ivanov et al demonstrated that intravenously injected silica nanoparticles (13 nm, 7 mg/kg) are relatively biocompatible nanomaterials when considering acute toxicity. 28 It seems that silica nanoparticles do not exhibit acute toxicity at the dosages used in this study, although more extended study is needed to confirm their toxicity, for example, by biochemical analysis and histopathological examination.
Our previous study showed that plasma concentrationtime curves for single oral doses of silica nanoparticles (20 nm and 100 nm) at 500 and 1,000 mg/kg rapidly decreased within 4 hours and 10 hours, respectively, in a dose-dependent manner, after oral administration to rats, regardless of particle size or sex. 26 Absorption amount was determined to be low, ranging from 6.6%-9.7%, without being affected by particle size or sex. 26 In our biodistribution study, significantly elevated Si concentrations were detected in kidneys, liver, lungs, and spleens within 3 days, but returned to normal level after 7 days. When tissue distribution kinetics was compared, nanoparticles were found to persist longer in kidneys and liver than in lungs and spleen (3 days versus 1-2 days), and tissue distribution patterns were not dependent on particle size or sex. Furthermore, the fact that silica nanoparticles were found in liver, lungs, and spleen also indicates that the nanoparticles were sequestered into organs by the mononuclear phagocytic system, also known as the reticuloendothelial system (RES), which implies phagocytosis is involved in their uptake. Increased Si levels in kidneys can be closely related to the excretion pathway of the silica nanoparticles in urine. Most biodistribution studies on silica nanoparticles have been conducted by administering a single intravenous injection. He et al 23 reported the accumulation of spherical mesoporous silica nanoparticles (80-360 nm) labeled with fluorescein isothiocyanate in liver and spleen 
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Biodistribution and excretion of silica nanoparticles Note: No significant differences were observed between animals administered the same doses. and to a lesser extent in lungs, kidneys, and heart in rats for 5 days post-injection. He et al 20 demonstrated a similar distribution pattern for 45 nm silica nanoparticles using an in vivo fluorescence imaging system. Borak et al reported that 150 nm silica nanoparticles accumulated primarily in the lungs and kidneys, and less so in hearts and liver at 4 days post-injection. 29 Huang et al reported that mesoporous silica nanoparticles with different aspect ratios mainly accumulated in the RES of liver, spleen, and lungs, and slightly in kidneys for 7 days in mice (.80%). 22 Cho et al reported the accumulation of fluorescence dye-labeled silica nanoparticles of 50 nm, 100 nm, or 200 nm in liver, spleen, and kidneys at 24 hours post-injection, and their persistence in liver and spleen at 4 weeks in mice. 24 On the other hand, Malfatti et al investigated the long-term biodistribution of carbon-14-labeled silica nanoparticles of 33 nm in mice, and demonstrated their persistence in the RES of liver, spleen, and lungs over 56 days following injection. 25 Taking our result and those of others into account, it appears that the liver, spleen, lungs, and kidneys are targeted by silica nanoparticles regardless of animal, silica type, or exposure routes.
However, no report has demonstrated the in vivo biological fate of silica nanoparticles. In the present study, TEM images confirmed the presence of silica nanoparticles in target tissues. Interestingly, clear intact spherical silica particles with almost the pre-administered particle size (Table 1 and Figure 3) were found in livers treated with 20 nm and 100 nm nanoparticles. The intracellular localization of nanoparticles was determined to be hepatocytes as well as nuclei regardless of particle size. It was reported that silica nanoparticles are internalized into cells, localized throughout cellular compartments, and subsequently penetrate into the cell nucleus. 30, 31 Thus, the toxicity of silica nanoparticles in terms of inhibition of gene expression has to be considered. Nanoparticles with an irregular (decomposed) morphology were observed in kidneys, especially when 20 nm particles were administered. The presence of Si in the particulate forms was also confirmed by TEM-EDS. This result strongly suggests that silica nanoparticles were sequestered into liver in their intact particulate forms, but slowly decomposed or dissolved in kidneys.
The excretion kinetics study showed that nanoparticles can be eliminated by urinary excretion over 2 and 5 days following the administration of 500 mg/kg and 1,000 mg/kg 20 nm particles, respectively, whereas slower excretion profiles (over 3 and 6 days) were observed for 100 nm particles. This result implies that smaller silica nanoparticles are more rapidly eliminated from the body, possibly due to their greater decomposition rates in the kidneys (Figure 3) . Furthermore, molecules with a hydrodynamic diameter of ,6 nm can pass through the glomerular membrane, 32 thus, the presence of silica nanoparticles in kidneys and urine suggests that the nanoparticles are biodegraded prior to urinary excretion. It was reported that silica nanoparticles undergo gradual biodegradation both in vitro and in vivo, resulting in the formation of silicic acid (ortho-, meta-, di-, and trisilicates) by hydrolysis. 33, 34 Predominant excretion forms of silica nanoparticles in urine are known to be silicic acid or oligomeric silica species. 35, 36 Thus, sodium or potassium silicic acid salts could be excreted from the organs with the urine. Furthermore, it seems that absorbed nanoparticles (about 6.6%-9.7%) are excreted by the urinary system. However, the majority of nanoparticles (about 75%-80%) were directly excreted via feces, regardless of particle size or sex (Table 3 ). This finding suggests that fecal and biliary excretion routes play major roles in the elimination of silica nanoparticles. In the present study, it was likely that 10%-15% of administered nanoparticles remain in body tissues. Several studies have demonstrated the urinary excretion of silica nanoparticles, but after intravenous injection. In one study, in vivo fluorescence imaging system in mice showed that 45 nm silica nanoparticles were eliminated via the renal route. 20 In another study, the urinary excretion of mesoporous silica nanoparticles (80-360 nm) was followed using a real-time in vivo imaging system, 23 and, in another, 36% of 150 nm silica particles were reported to be excreted over 4 days in urine. 29 However, the fecal excretion route was not examined in these studies. Huang et al and Cho et al investigated both the fecal and urinary excretions of silica nanoparticles in mice, 22 ,24 but they did not calculate the amounts of silica particles excreted via urine and feces. Based on our findings and previous results in the literature, both renal and fecal routes are involved in the elimination of silica nanoparticles.
Conclusion
The effects of particle size (20 nm and 100 nm) on the tissue distribution and excretion of colloidal silica nanoparticles were investigated following a single oral administration to male and female rats. Nanoparticles were found to target the kidneys, liver, lungs, and spleen regardless of particle size or sex. The primary biological fate of silica nanoparticles was found to be in particulate form in tissues. Specifically, intact particulates were found in liver, but decomposed morphologies of particulates were observed in kidneys, suggesting possible nanoparticle degradation in vivo. Urinary
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Biodistribution and excretion of silica nanoparticles and fecal excretion kinetics were found to be size-dependent, and 20 nm nanoparticles were eliminated faster that 100 nm nanoparticles, possibly due to the more rapid decomposition of 20 nm nanoparticles. These findings will be of interest to researchers seeking to predict the potential toxicological effects of silica nanoparticles on target organs.
